Excerpt From:
Diversity of Marine and Freshwater Algal Toxins

EM. Van Dolah
NOAA National Ocean Service
Center for Coastal Environmental Health and Biomolecular Research

Ciguatera Toxins

One of the seafood intoxications caused by ladder-like polyether toxins is ciguatera fish poisoning.
Ciguatera occurs circumglobally in tropical coral reef regions (Figure 5), and results from the
consumption of fish which have accumulated toxins through the food web. It is estimated to affect
over 50,000 people annually, and is no longer a disease limited to the tropics, due both to travel to
the tropics and to shipping of tropical fish species to markets elsewhere in the world (34). Large
carnivorous fishes associated with coral reefs are the most frequent source of ciguatera. Baracuda,
snapper, grouper, jacks, and moray eel are particularly notorious for their potential to carry high toxin
loads. However, smaller herbivorous fishes may also be ciguatoxic, particularly when viscera are
consumed. The symptoms of ciguatera vary somewhat geographically, as well as between individuals
and incidents, and may also vary temporally within an area, but generally include early onset (2-6
hour) gastrointestinal disturbance, including nausea, vomitting, and diarrhea, and may be followed
by a variety of later onset (18 hour) neurological sequelae, including numbness of the perioral area
and extremities, reversal of temperature sensation, muscle and joint aches, headache, itching,
tachycardia, hypertension, blurred vision, and paralysis. Ciguatera on rare occasions can be fatal.
Ciguatera symptoms in the Caribbean differ somewhat from those in the Pacific in that
gastrointestinal symptoms dominate, whereas in the Pacific neurological symptoms tend to dominate.
This may reflect geographic differences in the toxins involved (35).

The origin of ciguatera toxins has been identified as the benthic coral reef associated dinoflagellate,
Gambierdiscus toxicus (36), which grows as an epiphyte on filamentous macroalgae associated with
coral reefs and reef lagoons. Its toxins enter the food web when these algae are grazed upon by
herbivorous fishes and probably also invertebrates. G. toxicus produces two classes of polyether
toxins, the ciguatoxins (CTX) and maitotoxins (MTX). The CTX are lipophilic and are accumulated
in fish through food web transfer. More than 20 CTX congeners have been isolated (37); however,
only a few have been fully characterized structurally. Three classes of CTX are currently recognized,
based on polyether backbone structure (Figure 6). The first CTX to be purified (38) and structrually
elucidated (39) is now known as CTX-1, CTX1B, or P-CTX-1 (for Pacific CTX-1). CTX-1 is the
parent compound for the type 1 CTX group, which possess 60 carbons, in 13 fused ether rings. CTX-
1 is believed to be responsble for 90% of the toxicity associated most of the Pacific intoxications.
Pacific CTX-2 and CTX-3 are also type 1 toxins found in fish flesh (40). The toxins found in fish
flesh are more highly oxygenated than the congeners isolated from G. toxicus, suggesting that they
are metabolites of the dinoflagellate toxins of the same backbone structure. CTX-1, CTX-2 and
CTX-3 may all be derived from dinoflagllate precursors, CTX-4A and CTX4B (41). Type 2 CTX
congeners possess 57 carbons in 13 fused ether rings. Type 2 ciguatoxins lack the C1-C4 side chain
present in type 1 and have an 8, rather than 7 membered ring E. Like the type 1 CTX toxins, there is
evidence that CTX2A1, a congener present in fish, represents an oxygenated metabolite of a
dinoflagellate precursor, CTX3C (42). Several Caribbean CTX (C-CTX) congeners have been
isolated chromatographically, of which the most abundant, C-CTX-1, is the first to be fully



structurally characterized (43). C-CTX-1 represents a third class of ciguatoxin that lacks the
spiroketal at C52, which is replaced by an additional fused 6-membered cyclic ether.

The CTX are structurally related to the brevetoxins and compete with brevetoxin for binding bind to
site 5 on the voltage dependent sodium channel with a high affinity (Kd ~ 0.04 - 4 nM) (44) . The
LD50 (i.p.) in mice for CTX-1 is 0.25 mg/kg (37), whereas the potency of the caribbean toxin C-
CTX-1 is ten fold lower (LD50 3.6 mg/g) (35). Various estimates of human toxic potency have been
made. A concentration of >0.1 ppb of P-CTX-1 is estimated to be toxic to humans, compared to >1.0
ppb C-CTX-1. In a study of fish implicated in ciguatera cases in French Polynesia, a minimum
toxicity level to humans was estimated at 0.5 ng/g (37). Among the CTX congeners, binding affinity
correlates well with toxic potency (i.p.) in mice. However, the toxic potency of CTX in mice is
several orders of magnitude greater than that of the brevetoxins, relative to their binding affinities at
the sodium channel (e.g., for CTX1 and PbTx3, LD50 = 0.25 mg/kg vs >200 mg/kg , whereas KD =
0.04 nM vs 2 nM, respectively). This may be related to differences in the bioavailability of the toxins
or to undefined toxic effects of ciguatoxin.

The maitotoxins (Figure 7), like CTX or PbTx, are transfused ladder-like polyether toxins, but are
somewhat more polar, due to the presence of multiple sulfate groups. MTX was originally identified
as a water soluble toxin in the viscera of surgeonfishes (45), and later found to be the principal toxin
produced by Gambierdiscus toxicus. The structure of MTX was first elucidated by Murata et al.(46),
with complete stereochemistry resolved by Zheng et al.(47). Three MTX congeners have been
identified in Pacific isolates of G. toxicus, MTX-1 and MTX-2 (3422 and 3298 daltons, respectively)
and a smaller compound, MTX-3 (1060 daltons). MTX-1 from G. toxicus was found to be identical
to the original MTX isolated from surgeonfish. The structure of MTX-2 has not been fully
determined, but it appears to possess only one sulfate ester, compared to two in MTX-1. MTX-3
possesses two sulfate esters (48). MTX isolated from Caribbean G. toxicus clones has not been fully
characterized structurally. MTXs have not been demonstrated to bioaccumulate is fish tissues,
possibly due to their more polar structure. Thus, if MTX is involved in ciguatera poisoning, it may be
implicated only in ciguatera poisonings derived from herbivorous fishes. Early hypotheses that MTX
may be a metabolic precursor to CTX have not proven to be true (49).

The toxic potency of MTX exceeds that of CTX (LD50 0.05 mg/kg i.p. in mice). Its mode of action
has not been fully elucidated. Its biological activity is strictly calcium dependent and causes both
membrane depolarization and calcium influx in many different cell types. It was originally believed
to be an activator of voltage dependent calcium channels (see 50 for review). However, voltage-
dependent calcium channel antagonists can block MTX-stimulated calcium influx, but not MTX-
induced membrane depolarization (51). Therefore, it appears that MTX-induced activation of voltage
dependent calcium channels is a secondary effect of membrane depolarization. Despite numerous
studies, the primary target of MTX has not yet been fully elucidated, although non-selective cation
channels (52,53), and calcium activated chloride channels (54,55) have received recent attention.
Calcium-release activated calcium (CRAC) channels, another proposed target, do not appear to be
involved based on the failure of CRAC channel antagonists to inhibit MTX activity (56). Removal of
the sulfate esters causes a significant drop in toxicity (57). MTX-induced calcium influx can be
inhibited by PbTx and by MTX fragments, which suggests that both hydrophobic and hydrophilic
domains of the molecule are necessary for target (58).



The definition of ciguatera is complicated by the fact that G. toxicus is, in fact, one member of an
assemblage of benthic dinoflagellates, all of which produce toxins. Unlike the planktonic
dinoflagellates, toxicity in the benthic coral reef dinoflagellate assemblage appears to be quite
common. Among the dinoflagellates which co-occur with G. toxicus are Ostreopsis spp.,
Prorocentrum spp., Coolia spp. and Amphidinium spp. Each of these genera produces toxins targets
which target different pharmacological receptors (Table 1). However, with the exception of toxins
derived from Ostreopsis, the accumulation of most of these toxins in upper trophic levels of the coral
reef community to concentrations which may impact human health has not been confirmed, and
therefore their contribution to ciguatera remains equivocal. However, Ostroepsis has been proposed
to be the primary dinoflagellate responsible for ciguatera in Puerto Rico, based on seasonal
abundance of Ostreopsis vs G. toxicus in Peurto Rican waters (59). Ostreopsis produces ostreocin, an
analog of palytoxin (Figure 8). Palytoxin has been confirmed as the causative agent in ciguatera-like
poisonings from crab in the Pacific (60), mackerel (61), triggerfish (62), and sardines (clupeotoxism)
(63). Palytoxin is a macrocyclic polyether toxin, characterized by a number of novel features
including: a C115 straight chain incorporating many functionalities; a terminal primary amine that is
important for bioactivity; an a,b-unsaturated amide, two conjugated diene systems, and a hemiketal
(64). The complete structure of palytoxin was determined by Moore et al (65). Palytoxin poisoning
may be distinguishable from ciguatera by its severity (high fatality rate) and unusual taste associated
with the contaminated fish. The LD50 in rodents is 0.01 6.25 mg/kg (66). The pharmacological
target of palytoxin is Na+K+-ATPase, which pumps Na+ and K+ across the cell membrane against
their electrochemical gradients, such that three Na+ ions are pumped out of the cell and two K+ ions
are pumped into the cell for each ATP hydrolysed. In the presence of palytoxin, the pump is
converted into an open channel that permits K+ efflux and influx of monovalent cations (Na+,
NH4+, Cs+, Li+) along their electrochemical gradients. The palytoxin-induced pore appears to reside
within the protein, possibly by stabilizing a channel made up of transmembrane segments of the
protein when the pump is in its open state (67,68,69).
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Figure 5. Worldwide distribution of ciguatera fish poisoning.
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Type 3

Source Type R1 R2
CTX-1 fish 1 HOCH,CHOH- OH
CTX-2 fish 1 HOCH,CHOH- H
CTX-3 fish 1 HOCH,CHOH- H
CTX-4A  dino. 1 CH, = CH- H
CTX-4B fish,dino. 1 CH, = CH- H
CTX-2A1 fish 2 OH OH
CTX-3C  dino. 2 H H
C-CTX-1 fish 3 - -

Figure 6. Structures of the ciguatoxins in fish flesh and their
putative dinoflagellate precurors. CTX-2 and -3 and CTX-4A and
-4Bare epimeric pairs around the C52 spiroketal.
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Figure 7. Structure of MTX.



Table 1. Toxins produced by benthic coral reef associated dinoflagellates.

Species Toxin Pharmacological Target

Gambierdiscus toxicus ciguatoxin voltage dependent sodium channel
maitotoxin (?) calcium dependent

Coolia monotis coolia toxin unknown

Ostreopsis spp. ostreocin Na'K*" ATPase

Prorocentrum spp okadaic acid ser/thr protein phosphatases

Amphidinium spp. amphidinilides

unknown (antifungal)
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Figure 8. Structure of palytoxin.



